The epiphytic bacterium Pseudomonas syringae strain B728a produces the 25 biosurfactant syringafactin which is hygroscopic. The water absorbing potential of syringafactin 26 is high. At high relative humidities, syringafactin attracts 250% of its weight in water but is less 27 hygroscopic at lower relative humidities. This suggests that syringafactin's benefit to the 28 producing cells is strongly context-dependent. The contribution of syringafactin to the water 29 availability around cells on different matrices was assessed by examining water availability 30 biosensor strains that express gfp via the water-stress activated proU promoter. Wild-type cells 31 exhibited significantly less GFP fluorescence than a syringafactin-deficient strain, on humid but 32 dry filters as well as on leaf surfaces indicating higher water availability. When infiltrated into 33 the leaf apoplast, wild-type cells also subsequently exhibited less GFP fluorescence than a 34 syringafactin-deficient strain. These results suggest that the apoplast is a dry, but humid 35 environment and that, just as on dry but humid leaf surfaces, syringafactin increases liquid water 36 availability and reduces the water stress experienced by P. syringae. 37 IMPORTANCE Many microorganisms, including the plant pathogen Pseudomonas syringae, 38 produce amphiphilic compounds known as biosurfactants. While biosurfactants are known to 39 disperse hydrophobic compounds and reduce water tension, they have other properties that can 40 benefit the cells that produce them. Leaf colonizing bacteria experience frequent water stress 41 since liquid water is only transiently present on or in leaf sites that they colonize. The 42 demonstration that syringafactin, a biosurfactant produced by P. syringae, is sufficiently 43 hygroscopic to increase water availability to cells, thus relieving water stress, reveals that P. 44 syringae can modify its local habitat both on leaf surfaces and in the leaf apoplast. Such habitat 45 modification may be a common role for biosurfactants produced by other bacterial species that 46 colonize habitats that are not always water saturated such as soil. 47 syringafactin made enough water available to bacterial cells to alleviate water stress, we 132 compared the water stress exhibited by P. syringae cells differing in syringafactin production 133 when immobilized on membrane filters. Since they would lack the humid laminar boundary layer 134 of leaves, filters were used as a more direct means to determine the conditions under which, and 135 the degree to which, the water status of cells was modulated by the presence of syringafactin. 136
INTRODUCTION 48
While leaf surfaces support large numbers of bacteria, leaves are considered a relatively harsh 49 environment for bacterial colonization. Leaves are frequently dry environmental habitats that are 50 also subject to high ultraviolet fluxes as well as fluctuations in temperature and humidity (1, 2, 3, 51 4, 5) . Desiccation stress is considered one of the major factors limiting bacterial survival on 52 leaves (6, 7). As in many environments, the frequent lack of water on leaves is expected to limit 53 the ability of epiphytes like Pseudomonas syringae to colonize leaf surfaces. However, P. 54 syringae successfully colonizes and survives on the surfaces of leaves, often subsequently 55 causing disease in its host plant after it enters the leaf interior (4). The leaf apoplast is comprised 56 largely of air-filled voids between parenchymal cells that facilitate gas exchange for 57 photosynthesis making it a humid, but dry environment (4, 8). Transcriptomic analysis of P. 58 syringae recovered from both epiphytic and endophytic sites reveals the high expression of genes 59 involved in tolerance of water stress (9). This supports the model that water limitation is 60 experienced by this species both in the interior and exterior of leaves. However, the traits that 61 enable P. syringae to grow and survive on and in dry leaves are poorly understood. 62
While leaves are frequently dry, the relative humidity (RH) of air surrounding the leaf surface is 63 expected to often differ substantially from that of the air surrounding the leaf. Because of friction 64 with the leaf surface, air movement is rapidly inhibited as it crosses the leaf creating a thin layer 65 of still air known as the laminar boundary layer that surrounds the leaf. The thickness of this 66 layer is inversely proportional to wind speed but is usually less than about 10 mm (10). Much of 67 the water vapor that exits the leaf via its stomata is apparently retained within the laminar 68 boundary layer (2, 3, 6, 11, 12, 13, 14, 15, 16) . Thus, the air surrounding the leaf surface can 69 exhibit a much higher RH than that in the atmosphere away from the leaf (10, 17). While the 70 4 high RH expected in a boundary layer would reduce the rate of evaporation of water from 71 bacterial cells on the leaf surface, it would not be expected to eliminate the osmotic or matric 72 water stresses that cells would experience when liquid water is not present. 73
Biosurfactants, are amphiphilic compounds produced by various microorganisms (18) . Most 74 studies of biosurfactants have described their ability to disperse hydrophobic compounds, often 75 enabling their consumption by the biosurfactant-producing bacteria (18, 19) . Most biosurfactants 76 can also reduce water tension, thereby enabling the dispersal of water across hydrophobic 77 surfaces such as leaves (3, 20) . This trait might be beneficial to epiphytic bacteria. Burch et al. 78 (2) recently reported that certain biosurfactants such as syringafactin, a biosurfactant produced 79 by P. syringae, also have the under-appreciated characteristic of being hygroscopic. 80
Syringafactin is a lipopeptide containing eight amino acids linked to an acyl tail, making it 81 amphipathic (21). The peptide head of this molecule contains several hydroxyl groups capable of 82 hydrogen bonding with water. This structure suggested that syringafactin could interact with and 83 absorb water. Burch et al. (2) verified the hygroscopic nature of syringafactin by showing that, 84 after being desiccated, syringafactin could be rewetted when exposed to a water-saturated 85 atmosphere. Syringafactin production appears to be beneficial to P. syringae on leaf surfaces. 86
When a wild-type P. syringae strain and a syfA mutant strain deficient in syringafactin 87 production were co-inoculated onto bean leaves in a field experiment, the wild-type strain 88 maintained greater population sizes on plants than the syfA mutant strain (2). This suggested that 89 the wild-type strain was more tolerant of desiccation stresses experienced during fluctuating 90 environmental conditions in the field. 91
The goal of this study was to test the hypothesis that the contributions of syringafactin to the 92 epiphytic fitness of P. syringae is due to its ability to absorb water vapor from the air, thereby 93 5 maintaining a more hydrated state in the vicinity of cells producing this compound. This would 94 reduce the cells' water stress while on plants in the absence of liquid water. Such a role would 95 require syringafactin to bind abundant water under the conditions that cells would experience on 96 leaf surfaces. While the RH experienced by bacteria on the surface of plants is expected to be 97 higher than that in air surrounding the plant, the actual RH and its temporal variability on leaves 98 is unknown. Furthermore, although syringafactin was shown to bind abundant water in a water-99 saturated environment (2) it is not clear whether it can do so under conditions experienced by 100 cells on a plant. By determining both the RH-dependent water-binding capabilities of 101 syringafactin as well as the apparent water status of bacteria on leaves, it should be possible to 102 both test the hypothesis above and provide insight as to the water environment experienced by 103 cells on leaves. Such information is needed to determine under what contexts syringafactin 104 would benefit the producing cells. To measure the water status of cells, we utilize a whole-cell 105 bacterial biosensor described by Axtell and Beattie (1) that assesses the expression of proU, a 106 gene contributing to production of the compatible solute proline, by linking it to a GFP reporter 107 gene. Cells harboring this reporter gene construct exhibit GFP fluorescence that is directly 108 proportional to the level of either the matric or osmotic stress that they experience (1) . In this 109 study, we assessed the water availability experienced by both a wild-type P. syringae B728a 110 strain and a syfA mutant strain deficient in syringafactin production on both the surface and 111 interior of plants by quantifying the fluorescence of individual bacterial cells using 112 epifluorescence microscopy. As described below, our results strongly suggest that syringafactin 113 production by P. syringae can reduce the desiccation stress that cells experience both on the leaf 114 surface and in the leaf apoplast. This work thus reveals an important and previously 115 6 unrecognized role for microbial biosurfactants in the varied environments that such epiphytes 116 colonize. 117
RESULTS 118
Syringafactin is very hygroscopic only at high relative humidities. Since the hypothesized 119 ecological role of syringafactin depends on its ability to interact with water, we examined the 120 conditions over which syringafactin would absorb water. Purified dehydrated syringafactin was 121 exposed to different controlled RH conditions maintained by suspension over different saturated 122 salt solutions ( Fig. 1 ). The weight of the syringafactin was determined both before exposure and 123 after 3 days of exposure to a given RH. Although the water absorbing potential of syringafactin 124 generally increased with increasing RH, it absorbed less than its own weight in water over most 125 levels of atmospheric water saturation. Importantly, its water-binding capacity increased 126 dramatically at relative humidities greater than about 97%; however, it absorbed 250% its weight 127 in water in fully water-saturated air ( Fig. 1 ). This indicates that syringafactin is especially 128 hygroscopic at high RH and that its maximum potential ecological value may be in conditions of 129 high levels of atmospheric water saturation. 130
Syringafactin contributes to water availability to cells on filters. To determine whether 131 7 grown in a low salt minimal medium, in which they would be expected to experience the same 138 low level of water stress, did not differ in their expression of GFP fluorescence before 139 application to filters (Fig. 2 ). Syringafactin production therefore does not influence the cellular 140 response to water availability. The wild-type and a syfA mutant P. syringae strain were then 141 grown on filters placed on agar plates for 8 h before the filters were transferred to chambers 142 maintaining 52% RH or 100% RH. Filters were incubated in the chambers for 4 h and then 143 immersed in a low salt-containing minimal nutrient medium for 2 h to resuscitate cells and 144 enable the translation of GFP resulting from the transcription of the reporter gene. As a positive 145 control, exogenous syringafactin was added to cells of the syfA mutant strain after they had 146 grown on the filter. Wild-type cells exhibited significantly less GFP fluorescence than the syfA 147 mutant when incubated at 52% RH (Fig. 3A) . The GFP fluorescence of the syfA mutant strain 148 exposed to exogenous syringafactin was similar to the wild-type strain (Fig. 3A) . Similarly, at 149 100% RH, the GFP fluorescence exhibited by the syfA mutant strain to which exogenous 150 syringafactin had been applied was significantly less than that exhibited by this strain in the 151 absence of added syringafactin ( Fig. 3B ). Furthermore, the GFP fluorescence of the syfA mutant 152 was still higher than that of the wild-type strain when both were incubated at 100% RH ( Fig.  153 3B). The finding that both the wild-type strain alone and the syfA mutant strain with applied 154 syringafactin exhibited similarly lower GFP fluorescence than the syfA mutant strain itself at 155 100% RH supports our hypothesis that syringafactin is not only capable of making water more 156 available to cells under high RH conditions, but that wild-type cells produce sufficient amounts 157 of syringafactin to confer this phenotype. Surprisingly, this trend was also seen at 52% RH, 158 suggesting that the lesser amounts of water retained by syringafactin at this lower RH still was 159 enough to reduce somewhat the water stress that producing cells experienced. 160
Syringafactin improves water availability to cells on leaf surfaces irrespective of the 161
dryness of air away from the leaf. Given that syringafactin could make water more available to 162 cells on abiotic surfaces, we determined the extent of water stress experienced by bacterial cells 163 on leaves exposed to various environmental conditions and asked whether cells could ameliorate 164 this stress by producing syringafactin. We hypothesized that at a high RH the wild-type cells 165 would exhibit lower GFP fluorescence than the syfA mutant cells due to the attraction of water by 166 syringfactin production. To test this, wild-type and syfA mutant strains harboring the proU:gfp 167 reporter gene fusion were sprayed onto the leaves of bean plants that were then immediately 168 placed in a 100% RH chamber for 2 days to enable bacterial growth and production of any 169 extracellular products. The sprayed leaves initially were covered with many small droplets of 170 bacterial suspension, but after 2 days, most of the leaf was free of any droplets. Instead, only a 171 few water droplets persisted on the leaves, suggesting that the water had evaporated from leaves 172 to condense on the chamber walls and any residual water was also redistributed to produce large 173 dry areas on the leaf surface. When examined 2 days after inoculation, wild-type cells exhibited 174 less GFP expression than the syfA mutant cells (Fig. 4) . Presumably, many of the cells on these 175 leaves were localized at sites on the leaf that were devoid of liquid water and thus experienced 176 water stress although the humidity on the leaves must have been near 100% RH. 177
To determine the environmental contexts under which syringafactin could be produced and under 178 which it could confer protection against desiccation stress, we exposed cells of P. syringae to 179 various drying conditions on leaves. Leaves were exposed sequentially to wet conditions in 180 which bacterial cells could multiply on leaves, followed by dry conditions where multiplication 181 ceases. Though a difference in GFP fluorescence was observed between the wild-type and syfA 182 mutant strains harboring the proU:gfp reporter gene when cells were applied to dry plants that 183 9 remained dry throughout the experiments (Fig. S1 ), it is noteworthy that this difference seemed 184 to be caused by only about 20% of the cell population rather than a majority. Indeed, in a 185 subsequent experiment, most of the cells died quickly after immediate drying on surfaces ( Fig.  186 S2). This phenomenon has been seen previously on leaves (7). Therefore, these cells would not 187 have been capable of expressing the reporter gene. We therefore assessed the water availability 188 to bacteria exposed to dry conditions that followed moist incubation conditions after migration of 189 cells to the plants which enabled bacterial colonization and any habitat modification to occur. In 190 one such condition, inoculated bean plants were immediately incubated in a 100% RH chamber 191 for 2 days before leaf surfaces were dried by exposure of the plants to 50% RH for 20 min and 192 then incubated at 100% RH for 2 more hours ( Fig. 5 ). Such plants would have experienced liquid 193 water on leaf surfaces only in the initial 2 days incubation period, and cells would have 194 subsequently found themselves on dry leaves that were exposed to varying RH conditions. We 195 presume that the apparent transcription of the proU:gfp reporter gene, as evidenced by the GFP 196 fluorescence output, would have reflected the conditions experienced by the cells on the final 2 h 197 dry but humid incubation period. Under these conditions it was evident that while the wild-type 198 strain had exhibited the same relatively low GFP fluorescence indicative of low water stress as it 199 had on leaves continually exposed to high RH conditions, the syfA mutant strain apparently 200 experienced considerable water stress as indicated by its high GFP fluorescence (Fig. 5) . Given 201 that the GFP fluorescence of most syfA mutant cells was much higher than that of the wild-type 202 strain, it suggested that they experienced more water stress than the wild-type strain (Fig. 5) . 203
These results suggest that syringafactin production by the wild-type strain could sequester 204 sufficient water to avoid desiccation stress when cells exposed to desiccating conditions were 205 subsequently exposed to a water-saturated environment. 206
Wild-type cells experience less desiccation stress than syfA mutant cells when exposed to 207 fluctuating RH conditions at less than full atmospheric water saturation. Given that plants 208 frequently experience conditions of less than full atmospheric water saturation (100% RH) under 209 field conditions (3), we examined the potential for syringafactin to modulate the water 210 availability of cells on the surface of leaves under these conditions. Bean leaves, sprayed with 211 either the wild-type or the syfA mutant strain harboring the proU:gfp reporter gene fusion, were 212 immediately incubated at 100% RH for 2 days to enable bacterial growth and metabolism. The 213 plants were then subsequently exposed to 50% RH for 1 h to allow liquid water to evaporate 214 from the leaf before being incubated at 97% RH for 2 more days. As was seen when such dried, 215 colonized leaves were subsequently exposed to 100% RH, the GFP fluorescence of the syfA 216 mutant strain was significantly higher than that of the wild-type strain (Fig. 6) indicating that it 217 exhibited a higher degree of water stress than the wild-type strain. Given that the water-binding 218 capability of syringafactin at 97% RH is much lower than that in a fully water-saturated 219 atmosphere, it seems likely that the RH experienced by cells on plants incubated at 97% RH was 220 actually much higher because of the modulation of the air in the laminar boundary layer 221 surrounding leaves by water vapor released by plant transpiration. This would enable 222 syringafactin to bind water and thus hydrate the cells of the syringafactin-producing strain. 223 Syringafactin helps make water available to bacteria in the leaf apoplast. After colonizing 224 the leaf surface, cells of P. syringae can enter the leaf apoplast through stomata where they can 225 grow to sufficient numbers to eventually cause disease (4). Given that the apoplast is often dry, 226 at least initially after bacterial entry, we determined if syringafactin production could reduce 227 water stress in this habitat just as it apparently does on the leaf surface. Wild-type and syfA 228 mutant cells harboring the proU:gfp reporter gene construct were infiltrated under vacuum into 229 11 bean leaves. Before infiltrating the cells into the leaves, aliquots of cells taken from the liquid 230 culture used as inoculum were assessed for GFP fluorescence to determine if the two strains 231 differed in apparent water availability at time 0. While the GFP fluorescence exhibited by the 232 two strains was initially quite similar ( Fig. 7A) , when assessed 24 h after inoculation, cells of the 233 syfA mutant strain exhibited higher GFP fluorescence than that of cells in the wild-type strain, 234 indicating that they were beginning to experience somewhat more desiccation stress than the 235 wild-type strain (Fig. 7B ). By 48 h after inoculation, the GFP fluorescence of both strains in the 236 apoplast was much higher than after 24 h, indicating that the intercellular spaces had become 237 even drier during the infection process ( Fig. 7C) . Importantly, by 48 h after incubation, syfA 238 mutant cells exhibited much higher GFP fluorescence than the wild-type cells indicating that 239 they experienced a higher water stress than that of the wild-type strain (Fig. 7C ). Thus, 240 syringafactin production by the wild-type strain had ameliorated the water stress that it otherwise 241 would have experienced. 242
DISCUSSION 243
This study determines whether syringafactin plays an important role in the epiphytic and 244 endophytic growth of P. syringae. It is reasonable to assume that liquid water is required for 245 bacterial growth in and on leaves, since it would be required to mobilize soluble nutrients (8). 246
However, leaf surfaces are dry much of the time and cells must survive such conditions in order 247 to grow during the brief periods when water might become available. Thus, life on a leaf surface 248 is probably stressful, since it is a dry environment that is only transiently wet (1, 2, 5, 6, 22) . 249
250
We found that the hygroscopic biosurfactant syringafactin produced by P. syringae B728a 251 reduces the water stress experienced by this species both on dry leaves and in the apoplast by 252 12 attracting water vapor from the atmosphere and also perhaps by retaining water after cells have 253 been wetted. Syringafactin is quite hygroscopic under the high RH conditions expected in both 254 the apoplast and the humid laminar boundary layer immediately above leaf surfaces. Although 255 syringafactin can bind substantial water only in air that is nearly fully saturated with water vapor 256 ( Fig. 1) , these conditions are consistent with models of the abiotic conditions that prevail on 257 leaves. Such models predict that the water content of air immediately surrounding the leaf, 258 known as the laminar boundary layer, can differ greatly from that of air further away from the 259 leaf (10, 11, 15, 23) since it traps water vapor exiting the leaf via stomata. Thus, a very humid 260 microenvironment is proposed to surround even dry leaves (2, 3, 6, 11, 12, 13, 14, 15, 16) . While 261 syringafactin absorbs substantial amounts of water only at a RH greater than 97%, cells that exist 262 within a laminar boundary layer apparently often experience such a high RH. Even when plants 263 are exposed to a relatively dry environment (97% RH), the reduced water stress exhibited by the 264 wild-type strain compared to that of the syfA mutant strain on such dry leaves (Fig. 6 ) can be 265 attributed to water made available by binding to the syringafactin produced by the wild-type 266 strain. Thus, even though the water-binding capability of syringafactin is strongly dependent on 267 the RH of the atmosphere, cells in and on plants apparently reside in a sufficiently humid 268 atmosphere for them to benefit from water binding by syringafactin. 269
270
This study also supports predictions that the physical characteristics of leaves lead to great 271 spatial heterogeneity in the microhabitats that cells experience. For example, the syfA mutant 272 strain harboring the proU:gfp reporter gene exhibited greater GFP fluorescence than the wild-273 type strain even on plants that had been maintained in a water-saturated environment after they 274 were sprayed with bacterial suspensions (Fig. 4) . These results suggest that many cells of this 275 13 mutant strain experienced lesser amounts of water than those of the wild-type strain. The 276 observation that water limitations might occur under such a scenario supports and advances 277 previous models of the movement and distribution of water on leaves. For instance, rather than 278 being evenly distributed across the leaf surface, water is thought to be more prevalent at the base 279 of trichomes or at leaf veins or cracks in the cuticle (6, 7, 24 ). Nutrients are also apparently very 280 spatially variable in their abundance (25) but their coincidence with sites where water is most 281 likely to be retained is unknown. While there was apparently a very slow removal of water from 282 the leaf surface as a whole even at 100% RH conditions in our study, the remaining water also 283 seemed to have been redistributed such as in other studies, collecting in a few sites on the leaf (6, 284 7, 24). This is quite apparent in this study since leaves that were sprayed with cells initially 285 harbored many small droplets, but after 2 days in a water-saturated environment leaves contained 286 only a few apparent water droplets. Most of the leaf surface was apparently devoid of water and 287 none of the leaves harbored films of water. These observations along with our results further 288 support the hypothesis that the hydrophobic leaf surface is very poorly wettable, and that cells 289 migrating to most areas of the leaf would experience a relatively dry environment due to the 290 localized retention of water even under relatively humid conditions -and would often encounter 291 a complete lack of water (1, 2, 3). 292
293
The hypothesis that syringafactin production benefited cells by making water more available, 294 even in leaves exposed to relatively low RH, was supported by the results observed both in cells 295 on continuously wet and humid leaves ( Fig. 4) and when leaf surfaces were dried before again 296 being placed in humid conditions (Fig. 5) . In both cases, the wild-type strain presumably could 297 have made syringafactin under the moist conditions initially present on leaves after inoculation. 298 14 As expected, a much higher level of GFP expression was seen in the syfA mutant strain when 299 plants were exposed to 50% RH rather than when plants were in a continually water-saturated 300 environment. Given that a quantitative relationship between GFP expression of cells harboring 301 such a reporter gene construct and the level of either matric or osmotic stress to which cells were 302 exposed to has been observed (1), it seems clear that many of the cells of the syfA mutant 303 experienced lower water availability on these drier leaves than those on the plants maintained 304 under humid conditions. Importantly, a much larger difference in GFP fluorescence exhibited by 305 the wild-type and syfA mutant strains was observed when cells were inoculated on plants 306 exposed to low humidity conditions after their growth on the plant (Fig. 5 ). We presume that any 307 liquid water would have been removed from both wild-type and syfA mutant strains in such a 308 strong drying event, but apparently only the wild-type strain could become rehydrated or would 309 have locally retained water due to its production of the hygroscopic syringafactin. Additional 310 support for this model was also provided by studies in which plants were incubated at 97% RH 311 after colonization. Under these conditions the wild-type strain still exhibited less GFP 312 fluorescence compared to the syfA mutant strain indicating that it was wetter (Fig. 6) . These 313 results suggest that after being produced during periods of metabolic activity of cells on leaves, 314 syringafactin benefits cells during their subsequent, and probably inevitable, exposure to periods 315 of low RH by enabling the rehydration or suppressing the dehydration of cells. As discussed 316 above, the RH of the air at the leaf surface is probably often above 97% in the plants incubated in 317 a chamber at such a humidity. In this setting, the wild-type cells would be expected to be more 318 highly hydrated than mutants lacking the ability to have produced syringafactin. Such a scenario 319 is supported by the results of Burch et al.
(2) who observed that even though the ability of 320 syringafactin to wet an abiotic surface was lost at 50% RH, when the filter was re-exposed to 321 15 100% RH the syringafactin was able to rehydrate and rewet the surface. This suggests that once 322 cells have grown on moist leaves and produced syringafactin, they subsequently benefit from its 323 production by being able to absorb water and make it more available to cells during fluctuating 324 atmospheric moisture conditions. 325
326
Features of syringafactin suggest that it might only influence the environment of cells very 327 locally. While it is highly hygroscopic, syringafactin is apparently not readily dispersed across 328 the leaf surface since over 70% of purified syringafactin was bound to the waxy cuticle of the 329 leaf after topical application (2). This observation suggested that syringafactin largely remains in 330 the local environment of the bacterium that secreted it. This hypothesis was further supported by 331 the observation that the syfA mutant strain inoculated onto bean plants did not maintain epiphytic 332 population sizes as large as the wild-type strain irrespective of whether it was inoculated alone 333 on leaves or co-inoculated with the wild-type strain (2). This suggests that the syfA mutant strain 334 did not share in any benefits of syringafactin production by the wild-type strain. Therefore, 335 syringafactin seems to largely affect only the local environment of the cell that produces it rather 336 than serve as a "public good". Given that bacterial cells on the leaf surface may need only a 337 small, localized quantity of water to avoid desiccation stress (26) , the production of a non-338 diffusible hygroscopic material such as syringafactin might be an economical way for cells to 339 modify their local water environment. In fact, it has been shown that hygroscopic salts on the 340 leaf surface can readily absorb water even at a relatively low ambient RH (26) , suggesting that 341 the same phenomenon can occur for syringafactin. 342
These studies of the water available to bacteria colonizing the apoplast of bean provided great 343 insight into the important role of syringafactin in this habitat and the nature of the plant apoplast 344 16 itself. The leaf apoplast has been previously described as "a large, air-filled intercellular space" 345 (4). The amount of free water available in the apoplast is still largely unknown (6), but it has 346 been suggested that the apoplast is in fact a dry environment especially when stomata are open 347 (27) . Indeed, studies using a proU:inaZ reporter gene had indicated that liquid water is 348 apparently largely absent from the apoplast (28). These earlier studies however had not provided 349 any insight as to what the RH might be in the apoplast. It could however be speculated that the 350 water within plant cells would be in close equilibrium with that of water vapor in the apoplast, 351
given the relatively little ventilation that would be expected from diffusion through the stomata. 352
It would be in such a setting that one might expect syringafactin to effectively contribute to the 353 fitness of P. syringae since its ability to bind water is much higher in atmospheres that are nearly 354 saturated with water vapor. It was important to note therefore that in the apoplast, the wild-type 355 strain experienced less water stress than the syfA mutant at 24 h, and especially at 48 h, after 356 infiltration ( Fig. 7B and 7C ). Given that P. syringae strain B728a is a pathogen of the bean 357 variety used in the study, it was somewhat surprising to find that at least some degree of water 358 limitation was experienced by some cells in both the wild-type and syfA mutant strains only 24 h 359 after inoculation (Fig. 7B) . A recent study has shown that certain effectors such as HopM1 in 360 pathogens, such as P. syringae pv. tomato strain DC3000, mediate the release of water from the 361 plant into the apoplast (8). Indeed, at least transient water soaking is a typical symptom of the 362 infection of many plants by pathogenic bacteria. It is thought that the release of water makes 363 apoplastic nutrients more available to bacteria within this habitat and that, since nutrient 364 limitation probably limits bacterial population sizes in the apoplast, water availability is a 365 determinant of the success of a pathogen. In such a setting, it was somewhat surprising that a 366 portion of cells from the wild-type P. syringae B728a strain saw lower water availability 24 h 367 after inoculation than in broth media itself ( Fig. 7A and 7B) . It is possible that effector-mediated 368 water release in bean is transient. However, it is noteworthy that the apoplast becomes even drier 369 between 24 h and 48 h post-inoculation ( Fig. 7C ). While examining incompatible interactions of 370 plant pathogenic bacteria and host plants, Freeman and Beattie (29) found that plants can 371 actively withhold water from bacterial pathogens that enter the leaf apoplast by 24 h post-372 inoculation. This suggests that plant responses to the presence of a compatible pathogen such as 373 strain B728a may be delayed and that such water withholding would occur only later during the 374 interaction. The finding that cells of the wild-type strain, and particularly the syfA mutant strain, 375 exhibited substantial water stress 48 h after inoculation is consistent with such a model. Earlier 376 work has also shown that hosts such as bean that are compatible with P. syringae produce 377 defensive phytoalexins 2 or more days after the infection process is initiated (30). Furthermore, 378 the growth of strain B728a in bean slows with time and typically ceases by 2 days after 379 inoculation (31). This is consistent with a model of decreasing water availability during the 380 infection process. In such a setting, alleviation of water stress by syringafactin production would 381 benefit P. syringae. 382
383
The demonstration that syringafactin helps provide water to P. syringae in natural habitats 384 provides support for an important new role for microbial biosurfactants. It seems likely that at 385 least some of the many microorganisms that produce biosurfactants (19, 32) could similarly 386 benefit. This might be particularly true of those that live in non-water saturated environments, 387 such as soil, that experience periodic water stress. By better understanding the roles of various 388 biosurfactants produced by bacteria, we can gain more insight into the behavior of biosurfactant-389 producing microbes and the contribution of such compounds to plant-microbe interactions. We 390 18 should also gain more insight into the interactions between bacteria and the leaf surface. Since 391 biosurfactant producers occur on edible plants, such as lettuce (2), they may influence the 392 behavior of human pathogens, such as Salmonella, which can coexist with and benefit from 393 interactions with other epiphytic bacteria (33). Hence, a better understanding of biosurfactant 394 production, and the use of biosurfactant-producing bacteria as biocontrol agents, may help to 395 mitigate both human and plant pathogens thereby improving both human health and crop yield 396 (32). 397
MATERIALS AND METHODS 398
Bacterial strains and growth conditions. Pseudomonas syringae B728a strains were either 399 grown on King's B medium (KB) plates containing 1.5% technical agar or on half-strength 1/2-400 21C medium plates (1, 34, 35) . Antibiotics were used at the following concentrations (µg/ml): 401 spectinomycin (100), kanamycin (50) and tetracycline (15). 402 Syringafactin extraction. Syringafactin was extracted using a protocol described by Burch et al. 403 (2) which was modified from a protocol by Berti et al. (21) . P. syringae B728a strains were 404 grown on agar plates for 3 days. Cells were then suspended in water and centrifuged at room 405 temperature at 5000 x g for 10 min. The centrifuge model was a Beckman J2-21M High Speed 406
Centrifuge with a JA-20 fixed angle rotor holding 8 x 50 ml tubes. The supernatant was mixed in 407 a separatory flask with ethyl acetate (1.5:1). The organic fraction was retained while the aqueous 408 fraction was discarded. The organic fraction was reduced to dryness in a rotary evaporator 409 (BÜCHI). The remaining powder was re-suspended in methanol and dried to completion in a 410 Speedvac (Savant). 411
